In the first Born approximation, the general expression for ionization cross-section of polarized atoms by fast non-polarized electrons is derived by using the methods of the theory of an atom adapted for polarization and the similarity between the Born and photoionization operators. Special cases of the general expression for description of the angular distribution of the slower emitted electron and for the alignment of ionized atoms are obtained in the case of polarized and non-polarized atoms, as well as the magnetic dichroism of the total ionization cross-section of polarized atoms.
Introduction
The interaction of atoms with photons, electrons, and other charged particles is very important process in laboratory and astrophysical plasmas resulting in the distortion of Maxwellian distribution of electron velocities [1] . The non-equilibrium population of magnetic sublevels or the ordering of angular momenta of atomic particles that is called a self-alignment arises in these processes. The polarization of the emitted electromagnetic radiation could be considered as an indication of the presence of ordered beams of electrons in plasma. Recently, the methods of the theory of an atom were applied for the derivation of the expressions describing the interaction of polarized photons and electrons with polarized atoms and ions [2] [3] [4] [5] [6] . The probability or cross-section of the interaction was expressed as the multiple expansion over the multipoles (irreducible tensors) of the state of all particles taking part in the process both in initial and final states. The applied approach was an alternative to the density matrix method [7] where the density matrix was expressed via multipoles or statistical tensors.
The ionization of polarized atoms by polarized electrons was investigated by Kupliauskienė and Glemža * The report presented at the 36th Lithuanian National Physics Conference, 16-18 June 2005, Vilnius, Lithuania. [5] with the help of the method of the theory of an atom [2] in distorted wave approximation. In the case of ionization of atoms by fast non-polarized electrons a simpler approach like plane wave Born approximation (PWBA) can be applied [8] [9] [10] . This approximation allows us to describe the angular distribution and spin polarization of the slower electron emitted from a polarized or non-polarized atom [9] , as well as the alignment of the ionized atoms [8, 9] . The description of orientational dichroism in the electron-impact ionization of laser-oriented atoms [10] is also possible. The main task of the present work is the derivation of a general expression for the non-polarized electronimpact ionization of polarized atoms in non-relativistic approximation, the special cases of which were suitable for the interpretation of the experimental results [10] . The next section of the present work is devoted to obtaining the general expression. Its special cases are presented in Section 3. The inequality fine structure splitting ≫ line width ≫ hyperfine structure splitting is also assumed. The modifications enabling one to take into account the hyperfine structure splitting can be easily made [2, 4] .
General expression
The process of ionization of an atom A in the state α 1 J 1 M 1 by an electron e − moving with the momentum p 1 can be written as follows:
where A + denotes the ion in the state α 2 J 2 M 2 . In (1), α 1 (α 2 ) indicates the configuration and other quantum numbers, J 1 (J 2 ) and M 1 (M 2 ) are total angular momentum and its projection of an atom (ion), respectively, p 2 and p stand for the momenta of the scattered and emitted electrons, respectively, and m 1 , m 2 , and m indicate the projections of spins of the projectile, scattered, and emitted electrons, respectively. In general, the projections of angular momenta of all the particles taking part in the process (1) can be defined onto different directions. The fine structure splitting is assumed to be much larger than the hyperfine one. Then the states of atom and ion can be specified by the total angular momentum of all electronic shells. In the first order of perturbation theory, the probability of ionization of an atom (1) can be written as follows:
Here and below the atomic system of units is used. In (2), H is the operator of the electrostatic interaction between the projectile and atomic electrons, E 1 and E 2 are the energies of the systems atom + electron in the initial state and ion + two electrons in the final state, respectively, C is the constant depending on the normalization of the wave function of free electron. When the projectile and scattered electrons are described by plane waves normalized to unity, the matrix element in (2) can be written in the form
Here k=p/ , the transferred momentum is equal to q=k 1 −k 2 , and the summation over the projections of the spins of free electrons is carried out. For the exponent in (3), the expansion
is applied. The partial wave expansion can be used for the emitted electron:
Here ξ m (σ) is a spin function of an electron, and
where P (ελ|r) is a Hartree radial orbital of the electron in the continuum. The substitution of (4) and (5) into (3) leads to the following expression:
The second subscripts in Y t0 (q) and Y * λ0 (p) are equal to zero because they are defined with respect to the quantization axes z coinciding with the directions of transferred momentum and movement of emitted electron, respectively. The projections of the angular momenta J 1 and J 2 are also chosen arbitrarily. The calculation of the matrix element should be performed by using the projections defined with respect to the same quantization axis z by rotation procedure. Mathematically it can be accomplished with the help of relation
where D j mm (α, β, γ) is the Wigner rotation matrix. Then the matrix element (7) acquires the following expression:
The inspection of (9) allows us to notice that the angular part of this matrix element coincides with that of photoionization [4] . For this reason the same angular momentum diagrams can be used for the integration over orbital and spin angular momenta in (9) . The final expression for the triply differential cross-section is as follows:
where
In (11), the operator is defined as
mt (r) is the operator of spherical function [11] , and the constant is C = 1/π. Here the 1/2 coming from averaging over the spin projections of projectile electron is also taken into account.
When the fast scattered electron is not detected, the integration of (10) over the angles of this electron can be performed. It can be changed by the integration over the momentum transferred to an atom. Then
The total ionization cross-section can be obtained by integration of (13) over the angles of the emitted electron and its energies from 0 up to ε 1 − I p , where I p is the ionization potential of an atom.
The expression (14) represents the general case of the cross-section describing the ionization of polarized atoms by non-polarized electrons and enabling one to obtain information on the angular distributions, angular correlations, and spin polarization of the emitted electron in plane wave Born approximation. It can be used for the derivation of some special expressions applicable for the specific experimental conditions.
Special cases

Total cross-section for the ionization of non-polarized atoms
To obtain the total cross-section for the ionization of non-polarized atoms by fast non-polarized electrons, one needs to do the integration over the angles of the slow emitted electron and the summation over the magnetic components of all angular momenta. The following summation and integration formulas [4] make it easy:
Then the expression for the total cross-section is as follows:
where C = 1/π and 
Often the total cross-section integrated over all the energies of emitted electron is used. Its expression obtained from (13) is
Here I p is the ionization energy, and the integration over k present in (19) is performed after replacement dε = k dk.
Angular distribution of the emitted electrons from non-polarized atoms
The expression for the differential cross-section describing the angular distribution of emitted electron from non-polarized atoms, when the polarization of electron and ion is not registered, can be obtained by performing the summation of Eq. (13) over the magnetic components M 2 and m and averaging over the states of an atom. It acquires the form
Taking into account the axial symmetry of the ionization process and by choosing the laboratory z axis along the direction of transferred momentum q, the expression (22) becomes simpler:
is the asymmetry parameter of the angular distribution of emitted electron. The angle θ is measured from the direction of the transferred momentum q. For a given initial energy ε 1 and an energy loss ∆E of the initial electron, its scattering angle θ is related to the momentum transfer q by the relation
Total cross-section for the polarized atoms
The expression for the total ionization cross-section from polarized atoms is as follows:
By choosing the z axis along the direction of the transferred momentum q the expression (26) becomes simpler:
The magnetic dichroism is defined by the following formula:
The magnetic dichroism in the ionization of polarized atoms by non-polarized electrons acquires the following expression:
.
It simplifies in the case of the atoms polarized along the direction of transferred momentum q
The parameter (30) of the magnetic dichroism in the case of 
Angular distribution of the emitted electrons from polarized atoms
In the case of the ionization of polarized atoms, the differential cross-section depending on the angular distribution of emitted electrons can be written as follows:
In the case of the z axis coinciding with the direction of transferred momentum q, it reduces to
are the parameters of the asymmetry of the angular distribution of emitted electrons containing the information about the polarization state of atoms.
The alignment of ionized atoms
The alignment of ionized atoms describes their state of polarization and can be measured in the second step processes (those follow the first step of ionization). As a rule, the alignment of the ionized atom strongly affects the parameters of the angular distribution and polarization of Auger electrons and fluorescence radiation. The expression (13) written in the form of the multipole expansion of the final state of an ion is more suitable for the investigation of alignment in the second step processes. Applying the procedure described in Ref. [2] it can be written in the following form:
By using (36) the expression for the cross-section describing the alignment of ionized atoms in the case of the ionization of non-polarized atoms by non-polarized fast electrons can be written as follows:
In the case of z axis chosen along q, Eq. (36) becomes very simple:
The inspection of the expression for B B.ion. (14) allows us to conclude that K 2 must be even. The alignment describes K 2 = 2 and higher terms.Therefore, the expression (38) can be rewritten in the form dσ(α 1 J 1 → α 1 J 2 ε) dε = σ 0 (α 1 J 1 → α 1 J 2 ε) 
Similar procedures are applied for the derivation of the cross-section describing the alignment of ions created in the ionization of polarized atoms:
It also simplifies for the case of the z axis chosen along q and is equal to
is the parameter of the alignment depending on the polarization state of an atom.
